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Abstract

:

‘Candidatus Liberibacter solanacearum’ (Lso) is a phloem-limited bacterial plant pathogen infecting solanaceous plants in the Americas and New Zealand and is associated with diseases of apiaceous crops in Europe, Northern Africa, and the Middle East. This pathogen is also related to other Liberibacter species that infect other crops. In the USA, two haplotypes of Lso, LsoA and LsoB, are predominant and responsible for diseases in potato and tomato. Tobacco, Nicotiana tabacum, a model species to study plant defenses, is a host for Lso; therefore, the interaction between Lso and this host plant could be used to study Liberibacter−plant interactions. In this study, we characterized the infection associated with LsoA and LsoB in tobacco. Under laboratory conditions, LsoB caused more severe symptoms than LsoA, and LsoA and LsoB titers were dynamic during the 7 weeks of the experiment. We also measured SA and other metabolites, including oxylipins, at an early point of infection and found that SA was accumulated in plants infected with LsoB but not with LsoA; whereas ABA levels were reduced in LsoA- but not in LsoB-infected plants.
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1. Introduction


‘Candidatus Liberibacter solanacearum’ (Lso) is a bacterial pathogen of solanaceous crops in the USA and the causal agent of zebra chip, a potato disease that costs several millions of dollars to the potato industry annually [1,2]. This pathogen is related to ‘Candidatus Liberibacter asiaticus’ (CLas), the causal agent of huanglongbing (HLB), which is considered the most devastating disease affecting citrus worldwide [3]. CLas can infect citrus species, which ultimately results in tree death [4,5]. ‘Candidatus Liberibacter’ pathogens are fastidious and are transmitted by psyllids. CLas and Lso have reduced genomes similar to other obligatory symbionts; these two pathogens separated from their common ancestor around 100 million years ago [6]. Management of the diseases caused by the Liberibacter pathogens relies mainly on the application of pesticides to reduce the vector populations, but this strategy has high costs for producers [2].



Currently, several Lso haplotypes have been identified. In the USA, there are two main Lso haplotypes associated with diseases in Solanaceae: LsoA and LsoB [7,8,9,10]. LsoF is a third haplotype potentially associated with zebra chip; it was recently identified from a single tuber originating from southern Oregon [11]. LsoA and LsoB are transmitted by the potato psyllid, Bactericera cockerelli Sulč, also known as the tomato psyllid. Other Lso haplotypes exist in different parts of the world associated with different plant and psyllid species [12,13,14,15,16]. For example, LsoC, LsoD, and LsoE are associated with apiaceous crops such as carrots in Europe, Northern Africa, and Israel, where they are transmitted by different carrot psyllid species such as B. trigonica and B. nigricornis.



The diseases caused by Lso in tomato and potato have been characterized. In potato, the diseases associated with LsoA and LsoB are relatively similar; both result in plant stunting, leaf chlorosis, decreased plant vigor, and early plant death, as well as the development of striping in the potato tubers when they are fried [17,18,19]. However, in tomato, the differences between LsoB and LsoA infection are more pronounced; while LsoA causes stunting and chlorosis, LsoB is significantly more damaging, additionally leading to plant death [20,21]. The disease caused by Lso in tobacco was discovered in 2013 in Nicaragua and Honduras [22,23]. In both countries, infected tobacco plants showed aerial symptoms similar to those described in potato and included apical leaf curling and stunting, overall chlorosis, young plant deformation with cabbage-like leaves, wilting, and internal vascular necrosis of stems and leaf petioles [22,23]. However, whether differences in symptoms associated with LsoA and LsoB infection in tobacco plants existed was not investigated. Tobacco is a crop, but it is also a model species to study plant−insect and plant−bacterial interactions. There is a wealth of knowledge and resources available for this plant. Therefore, differences in Lso pathogenicity associated with tobacco could have relevance not only from an epidemiological perspective but could also help elucidate the molecular basis of Lso pathogenicity and of the plant responses induced upon Lso infection. Therefore, in the present study, we characterized the diseases associated with LsoA and LsoB in tobacco. Then, we evaluated plant responses to these pathogens by measuring the relative expression of tobacco pathogenesis-related protein 1 gene (PR1a), a marker of salicylic acid signaling, as well as the accumulation of different metabolites, including SA, jasmonic acid, and other oxylipins at the early stages of the infection.




2. Materials and Methods


2.1. Insects


Psyllid colonies harboring LsoA and LsoB were reared on tomato plants in insect-proof cages (61 × 35 × 35 cm, Bioquip Inc., Compton, CA, USA) at room temperature with a photoperiod of 16 h of light and 8 h of darkness [24]. These colonies are henceforth referred to as LsoA and LsoB colonies, respectively. The psyllids (Bactericera cockerelli Sulč) used in this study were from the Western haplotype. Four potato psyllid haplotypes have been described based on a genetic marker in the mitochondrial gene COI [25,26].




2.2. Plant Source


All experiments were performed using tobacco plants (N. tabacum cv. Petite Havana SR1). Seeds were planted in Sun Gro Sunshine LP5 soil mix (Bellevue, WA, USA), and after three weeks of growth, the tobacco seedlings were transplanted individually in pots (10.5 × 10.5 cm) using the same soil mixture. The plants were fertilized once a week with the label rate of Miracle-Gro Water Soluble Tomato Plant Food (18-18-21 NPK) (Scotts Company, OH, USA) and left to grow for another two weeks. The plants were maintained on wire shelves at room temperature and a photoperiod of 16 h of light and 8 h of darkness.




2.3. Plant Infection


Plants were infected two weeks after transplanting when they had four fully expanded leaves. Five-week-old tobacco plants were infested with three adult psyllids from the LsoA or LsoB colonies or left free of psyllids (control). The insects were confined using an organza bag (10 × 15 cm, amazon.com) to one bottom leaf. After eight days, the leaf with the organza bag was removed from the plant to remove the insects using razor blades. The plants were maintained at room temperature on a light shelf with a photoperiod of 16 h:8 h (day:night) until the end of the experiment. The plants were kept for the duration of the experiment in rectangular 14” × 14” × 24” insect cages (BioQuip, Rancho Dominguez, CA, USA). The plants were watered on average twice a week by adding water to the pan underneath the pots. This experiment was performed three times and there were at least four plants in each treatment per replicate.




2.4. Symptom Progression and Lso Quantification in Tobacco Plants


After infestation and psyllid removal, plants were observed weekly to record symptoms associated with Lso infection. Further, pictures were taken and samples from a top-tier leaf were collected at weeks 3, 5, and 7 postremoval of the insects.



DNA purification from the leaf samples and Lso detection were performed using the protocol previously described by Levy, et al. [27]. The presence of Lso in the plants was determined by PCR using the specific LsoF/O12 primers and the PCR conditions as described in [28]. The SSR-1 F/R primers were used to verify the Lso haplotype in the samples, as described in [9].



The copy number of Lso in an upper leaf of the plant was estimated using the standard curve method by real-time PCR [27] using the LsoF and HLBR primer set [28]. The qPCR was performed in a QuantStudio Pro System (Applied Biosystems, Thermo Fisher Scientific Inc., Waltham, MA, USA) using 50 ng of DNA and the Power UP SYBR Green Master mix (Thermo Fisher Scientific) in 96-well-plates for qPCR (VWR). The reaction volume was 10 µL. The amplification protocol was 50 °C for 2 min, 95 °C and 40 cycles of 95 °C for 15 s, and 60 °C for 30 s. The standard curve was prepared using 10-fold serial dilutions (101 to 106) of the Lso 16S rDNA sequence as described in [27]. The standard dilutions of the target Lso 16S rDNA were prepared using DNA from a healthy (control) tobacco plant at a concentration of 50 ng/µL. The Lso copy number (log10 of copy number) in each sample was estimated by comparing the ΔCt values of each sample to the standard curve. Seventeen LsoA-infected plants and twenty LsoB-infected plants were analyzed.




2.5. Gene Expression Analysis


RNA extraction and cDNA synthesis were performed on infected and non-infected plants following the previously published method [29]. Leaf samples were collected from top-tier leaves. We evaluated the expression of the tobacco gene pathogenesis-related protein 1 (PR1a, GenBank: D90196.1) in plants infected with LsoA, LsoB, or not infected using the primers (F: 5′-TGGATGCCCATAACACAGC-3′ and R: 5′-AATCGCCACTTCCCTCAG-3′). The gene PR1a was chosen because it is regulated by salicylic acid (SA) and induced in response to many pathogens; it is a marker for systemic acquired resistance. For this analysis, the tobacco gene β-Actin (F: 5′-ATGCCTATGTGGGTGACGAAG-3′ and R: 5′-TCTGTTGGCCTTAGGGTTGAG-3′) was used as the housekeeping gene control. The gene expression analysis was performed with plant samples collected 3 and 5 weeks after removing the insects. The analysis was performed for each week using the ΔΔCt method with the uninfected sample as a reference.




2.6. Quantification of SA and Other Metabolites


Two independent experiments were conducted for this analysis. A total of 100 mg of leaf tissue from non-infected, LsoA-infected, and LsoB-infected tobacco plants were collected 3 weeks after insect removal. There were at least three biological replicates and six technical replicates per experiment. These samples were stored at −80 °C until the time of hormone extraction.



Hormones were extracted from leaf tissue and quantified via liquid chromatography-tandem mass spectrometry (LC-MS/MS). Tissue was homogenized with 1.0 mm dia. Zirconia beads (BioSpec Products, Bartlesville, OK, USA) and 500 µL of phytohormone extraction buffer (1-propanol/water/concentrated HCl [2:1:0.002 vol/vol/vol]) containing 500 nM internal standards of d6-SA (Sigma-Aldrich, St. Louis, MO, USA). The homogenization of samples was performed with a Precellys 24 homogenizer at a cycle of 2012× g × 3 cycles of 30 s and 30 s of rest. The samples were then agitated in the dark for 30 min at 4 °C. A total of 500 µL of dichloromethane was added to each sample and then agitated in the dark again for 30 min at 4 °C. Then, the samples were centrifuged at 21,130× g for 10 min, and the lower organic layer of each sample was transferred to a glass vial using a pipette tip and evaporated using nitrogen gas. The samples were resuspended in 150 µL of LC-MS-grade methanol and transferred to a separate tube. The samples were then stored at −20 °C for 48 h and then centrifuged again at 21,130× g for 4 min to pellet any debris. Approximately 100 µL of supernatant of each sample was transferred into autosampler vials for LC-MS/MS analysis. Methods were as described in [30].



LC-MS/MS analysis used an Ascentis Express C-18 column (3 cm × 2.1 mm, 2.7 µm) (Sigma-Aldrich, St. Louis, MO, USA) connected to an API 3200 LC-MS/MS (Sciex, Framingham, MA, USA) using electrospray ionization with multiple reaction mentoring. The injection volume of each sample was 10 µL, and the injection utilized a 0.5 mL/min flow rate of mobile phases A (0.2% acetic acid in water) and B (0.2% acetic acid in acetonitrile). The gradient was as follows: 0.5 min (10% B), 1 min (20% B), 21 min (70% B), 24.6 min (100% B), 24.8 min (10% B), and 29 min (stop). We quantified salicylic acid (SA), abscisic acid (ABA), and the oxylipins 9,10,11-trihydroxyoctadecenoic acid (9,10,11-THOM), 9-hydroxyoctadecadienoic (9-HOD), trihydroxy-12(Z),15(Z)-octadecadienoic acid (9-Thod), 9,10-dihydro-jasmonic acid (Dh-JA), jasmonic acid (JA), jasmonic acid isoluecine (JA-Ile), 12-hydroxy-jasmonic acid (12OH-JA), 12-Oxo-10(Z),15(Z)-phytodienoic acid (12-OPDA), azelaic acid (AZA), 13(S)-hydroxy-9(Z),11(E)-octadecatrienoic acid (13 Hod), dihydroxy-9(Z)-octadecenoic acid (DiHom), expoxy-9(Z),15(Z)-octadecenoic acid (EPOD), and 12-oxo-10(E)-octadecenoic acid (12-Koma). Other metabolites quantified were 2-hydroxy-palmitic acid (2-OH-PA) and coumaric acid (COUMA). All reference compounds used for the calibration were from Sigma-Aldrich.




2.7. Data Analysis


The data were analyzed using R (https://www.r-project.org/) version 4.1.2 (accessed on 6 July 2021) [31]. The Lso copy numbers in tobacco plants were log10 transformed and analyzed by the Kruskal-Wallis rank sum test, followed by pairwise comparisons using the Wilcoxon rank sum exact test with p-values adjusted with the Benjamini-Hochberg method [32].



Similar tests were performed to analyze PR1a expression in uninfected and LsoA- and LsoB-infected tobacco plants at weeks three and five following infections and for the metabolite accumulation at three weeks post-.





3. Results


3.1. Symptoms in Tobacco Associated with ‘Candidatus Liberibacter Solanacearum’ Haplotypes A and B Infection


Symptoms associated with LsoA- and LsoB-infection in tobacco plants were evaluated and compared. The first symptoms appeared on LsoB-infected plants 5 weeks after infection (after removing the insect following an inoculation access period of 1 week). The leaves of the top and middle part of the plant started to develop chlorosis and the leaves at the top of the plants were smaller and started to show curling. The plants showed a delay in growth compared to uninfected plants. At week 7, the LsoB-infected plants were stunted and the leaves in the lower tier of the plant started to die (Figure 1). Between weeks 8 and 9, all the LsoB-infected plants were dead. Symptoms associated with LsoA infection started to develop around weeks 5 and 6. The leaves showed chlorosis, reduced size on the top of the plant, and slowed growth (Figure 1). Nevertheless, LsoA-infected tobacco plants did not die.




3.2. Lso Quantification in Tobacco Plants


Lso was quantified in the upper leaves of the tobacco plants at different time points after the infestation (Figure 2).



Quantification of Lso copies in tobacco leaves at 3, 5, and 7 weeks following B. cockerelli infestation. The values reported are log10 of Lso copy number, normalized by the standard curve method. Dark bars represent LsoA titer and lighter bars represent LsoB titer. Data represent means  ±  standard error of the mean. Different letters indicate statistical differences at p-value < 0.05 using Kruskal-Wallis rank sum test, followed by pairwise comparisons using the Wilcoxon rank sum exact test with p-values adjusted with the Benjamini-Hochberg method.



By week 3, both LsoA and LsoB were detectable in the tested tobacco leaves; however, differences in titer were identified (H(5) = 85.453, p-value < 2.2 × 10−16). At week 3, LsoA titer was higher than LsoB, but at weeks 5 and 7, LsoA titer was significantly lower than LsoB. While Lso B titer increased significantly up to week 7, Lso A titer plateaued at week 5, and no increase in titer was observed between week 5 and week 7.




3.3. PR1a Transcript Expression


The relative expression of the PR1a gene was evaluated by qRT-PCR in uninfected, LsoA-, and LsoB-infected plants at 3 and 5 weeks following infection. Infection by LsoA and LsoB induced the expression of PR1a in tobacco plants at week 3 (H(2) = 12.712, p-value = 0.001736) and week 5 (H(2) = 15.636, p-value = 0.0004025) (Figure 3). While at week 3, LsoA and LsoB induced similar expression of PR1a, this gene was upregulated by LsoB infection compared to LsoA infection in week 5.



PR1a relative expression was quantified using RT-qPCR and analyzed using the ΔΔCt method using β-Actin as the housekeeping gene control and the uninfected sample as a reference. Bars represent mean ± SEM fold change relative to uninfected plants. Different letters (a, b and c) indicate significant differences in gene expression as determined by Kruskal-Wallis analyses followed by pairwise comparisons using Wilcoxon with p-values adjusted with the Benjamini-Hochberg method (p < 0.05). The fold change in the Y-axis is in the log scale. C is for uninfected control, LsoA is for LsoA-infected, and LsoB is for LsoB-infected plants.




3.4. Quantification of Salicylic Acid and Other Metabolites


Hormones and secondary metabolites were quantified 3 weeks following infection. Four of the tested metabolites were found to be differentially regulated among the different treatments: SA, ABA3, and the oxylipins 9,10,11-THOM, and 9-HOD, the molecules with suspected antimicrobial activity [33].



Differences in SA concentration were measured among the treatments (H(2) = 11.061, p-value = 0.003964): higher SA concentration was measured in LsoB-infected plants compared to LsoA-infected or control plants (Figure 4). Similarly, differences in ABA accumulation were measured (H(2) = 8.9359, p-value = 0.01147), but in the case of this hormone, LsoA-infection resulted in lower accumulation compared to the control treatment; no difference was measured between LsoB-infected plants and LsoA-infected plants or control plants. Differences in 9,10,11-THOM and 9-HOD accumulation were also measured (H(2) = 7.3435, p-value= 0.02543 and H(2) = 11.061, p-value = 0.003964, respectively). 9,10,11-THOM accumulated to lower levels in LsoB-infected plants compared to controls (Figure 4), which contrasted with the increased levels of SA observed in the plants infected by this strain. The oxylipin 9-HOD accumulates at lower levels in LsoA- and LsoB-infected plants compared to the controls (Figure 4). No difference in concentration was found for the other measured compounds: 9-Thod, Dh-JA, JA, JA-Ile, 12OH-JA, 12-OPDA, AZA, 13 Hod, DiHom, EPOD, 12-Koma, 2-OH-PA, and COUMA.



Quantification of SA and other metabolites in uninfected (C), LsoA-, and LsoB-infected tobacco plants 3 weeks after psyllid infestation. Metabolites were measured in pmol/g of fresh weight of plant tissue. Bars represent mean ± SEM. Different letters (a and b) indicate significant differences in the accumulation of the metabolite using the Kruskal-Wallis rank sum test, followed by pairwise comparisons using the Wilcoxon rank sum exact test with p-values adjusted with the Benjamini-Hochberg method. The results for the following metabolites are presented: salicylic acid (SA), abscisic acid (ABA), and the oxylipins 9,10,11-trihydroxyoctadecenoic acid (9,10,11-THOM), 9-hydroxyoctadecadienoic (9-HOD).





4. Discussion


‘Ca. Liberibacter’ spp. is devastating bacterial plant pathogens. Progress has been made in understanding the pathogenic mechanisms and the plant responses during the infection [34,35,36,37]. However, the study of the molecular basis of the pathogen-plant interactions remains challenging because of the fastidious nature of these pathogens. The complete genome sequence of different Liberibacters has been sequenced, and genes, including putative virulence factors, have been predicted and annotated. Transcriptomic and proteomic studies examining citrus response to CLas infection have revealed that CLas actively alters multiple molecular processes in citrus [38,39,40,41,42]. Concomitantly, transcriptomic studies in potato and tomato have highlighted several signaling pathways involved in immunity in response to Lso, such as ethylene or jasmonic acid signaling and defense proteins [21,29,43]. The Lso-potato psyllid-solanaceous plant pathosystem offers advantages to help elucidate the mechanisms at play during plant infection with Liberibacters. Some of these advantages are the existence of Lso haplotypes infecting the same hosts but with differences in virulence [18,19,20,24] and the existence of genetic resources for plants susceptible to Lso, such as tobacco and tomato.



Indeed, tobacco is a model plant to study plant−pathogen interactions, and it is also a major cash crop in some countries affected by Lso. The disease caused by Lso in tobacco was described in 2013 in Nicaragua and Honduras [22,23]. In both countries, Lso and potato psyllids were found to be associated with tobacco plants showing aerial symptoms similar to those associated with zebra chip [22,23]. However, the diseases associated with each of the two main Lso haplotypes, LsoA and LsoB, have not been characterized, and it is not known whether infection by each haplotype results in similar diseases, such as in potato [19], or if differences in the diseases caused by these haplotypes exist such as in tomato [20,21]. In the current study, we describe the symptoms associated with LsoA and LsoB in tobacco plants. Similar symptoms were associated with LsoA and LsoB infection; those included chlorosis, stunting, leaf curling, and reduced leaf size. However, plants infected with LsoB died prematurely, whereas those infected with LsoA did not. We also compared the titer of each haplotype in the top leaves of the plant over time. We have previously shown that in tomato and potato, Lso is first detectable in the upper leaves of the plant 3 weeks after psyllid infestation [27]. Here, we showed that also in tobacco, Lso could be detected in the top leaves 3 weeks after plant infestation. Three weeks is a relatively early time point during the infection; no visual symptoms had yet developed in the infected plants. Interestingly, while at week 3, LsoA titer was higher than LsoB titer in the infected plants, LsoB titer was higher than LsoA titer at weeks 5 and 7. These trends are similar to those described in tomato [20] but not potato [17,18]. In tomato and tobacco, both the development of symptoms and the bacterial titer were different between LsoA- and LsoB-infected plants. While the LsoB titer increased over time, LsoA titer plateaued after 5 weeks. Furthermore, similar to tomato, tobacco plants infected with LsoB died prematurely, whereas those infected with LsoA did not. Therefore, tobacco is a host of interest in identifying key Lso proteins involved in infection because it could be used to link the genetic differences between LsoA and LsoB and the different outcomes of the infection.



Liberibacter pathogenicity and virulence factors remain largely unknown. Effectors are key factors of pathogenicity during the interaction between plants and pathogens [44]. Prasad, et al. [45] identified close to 100 Liberibacter proteins potentially secreted by the SEC system; some of these are candidates for acting as bacterial effectors, and the plant responses to their transient expression were analyzed. Recently, Thapa, De Francesco, Trinh, Gurung, Pang, Vidalakis, Wang, Ancona, Ma, and Coaker [6] proposed that only 30 of these proteins are involved in regulating plant defense mechanisms. While a larger number of CLas effectors have been characterized and tested, fewer Lso proteins have been tested for their potential role as effectors [35,46,47,48].



In an effort to elucidate the differences in pathogenicity between LsoA and LsoB in association with tobacco, first, we evaluated the expression of PR1a following infection. Because plants become infected following transmission by psyllids, we compared the effect of herbivory and infection to control plants. PR1a was induced in the infected plants at 3 and 5 weeks postinfection. Here, the PR1a upregulation measured was in response to both the pathogen and the vector because the control plants were not infested with Lso-free psyllids. While similar levels of upregulation were measured in LsoA- and LsoB-infected plants at week 3, the PR1a expression was higher in plants infected with LsoB than LsoA at week 5. This change in gene expression might be linked to the difference in plant colonization between the two Lso haplotypes; while LsoB titer continued to increase, LsoA titer plateaued after week 5. The difference in pathogenicity between LsoA and LsoB, resulting in differences in bacterial titer and symptom development, is probably also linked with differences in plant responses.



Interestingly, Ibanez, et al. [49] showed that citrus PR1 was induced following 14 and 150 days of herbivory by the Asian citrus psyllid, Diaphorina citri, but not after 7 days of exposure to the insect feeding. In that study, SA accumulated at higher levels only in plants exposed to 150 days of herbivory but not after 7 or 14 days. Therefore, we also evaluated the accumulation of SA in the tobacco-infected samples.



Here, we found a significant accumulation of SA at week 3 in LsoB- but not in LsoA-infected plants. The accumulation of SA in Lso-infected tobacco plants was expected since PR1a was upregulated in the infected plants, and the downstream signaling and the events that occur in plants in response to SA play a central role in plant defense against pathogens in many plant species [50]. Indeed, the immune responses mediated by SA are important components of both PAMP-Triggered Immunity (PTI) and Effector-Triggered Immunity (ETI) and are also key for the triggering of systemic acquired resistance [51,52] and defense against (hemi)biotrophic pathogens [53]. Further, SA biosynthesis inhibition or blocking its accumulation can enhance plant susceptibility to some pathogens [52]. In 2017, Li, et al. [54] characterized a monooxygenase FAD-binding protein (CLIBASIA_00255) from CLas as a salicylic acid hydroxylase. This gene is present in all sequenced pathogenic ‘Ca. Liberibacter’ species and the homologs share a high degree of similarity. Li and collaborators demonstrated that CLas Sah is a functional SA hydroxylase that degrades SA and suppresses plant defenses. They also showed that the application of SA analogs slowed the progression and severity of HLB disease by neutralizing the effect of SA hydroxylase in degrading SA [54].



In the present study, both LsoA and LsoB infection induced the expression of PR1a, but only LsoB-infected plants had accumulated higher levels of SA 3 weeks after infection. Although PR1a expression and SA are directly linked, in these experiments, SA was not found to be significantly induced in LsoA-infected plants.



It is tempting to link the difference in SA accumulation at week 3 with the difference in PR1a induction and the differences in Lso titer increase measured at week 5. Based on the results presented here, it appears that in tobacco, LsoA is less pathogenic than LsoB and the infection with this bacterial haplotype results in the development of milder symptoms. This difference in virulence results in the induction of different plant responses, including the differential accumulation of SA as early as 3 weeks after infection.



Another difference identified in this experiment was the lower accumulation of ABA in the LsoA-infected plants compared to the control plants. This reduced ABA accumulation probably resulted in the closure of the stomata and reduced water loss in LsoA-infected plants [55]. While the accumulation of ABA between LsoA- and LsoB-infected plants was not significantly different, LsoB-infected plants appeared wilted compared to the LsoA-infected plants: this is observable at 7 weeks postinfection in Figure 1.



The oxylipin 9-HOD accumulated at higher levels in control plants than in LsoA- and LsoB-infected plants. This lower accumulation in infected plants is not consistent with the expected positive contribution of this oxylipin to defenses. While in some studies JA signaling was identified as involved in plant response to Lso and psyllids [29], in this study, no difference between control and infected plants was observed in the accumulation of JA or its biologically active form, JA-Ile, or the JA precursor 12-OPDA. The implication of these results for plant infection deserves further exploration. These analyses were performed 3 weeks after infection to evaluate differences after infection but before symptoms developed. We expect that other metabolites could accumulate differentially at other time points following infection.







Author Contributions


Conceptualization, J.G.L. and C.T.; methodology, J.G.L., A.M.-H., N.M. and K.M.B.-F.; formal analysis J.G.L., N.M., M.V.K. and C.T.; investigation, A.M.-H. and K.M.B.-F.; writing, J.G.L. and C.T.; supervision C.T.; funding acquisition, J.G.L., M.V.K. and C.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Texas A&M University and Texas A&M AgriLife Research (Controlling Exotic and Invasive Insect-Transmitted Pathogens) and USDA National Institute of Food and Agriculture, Hatch/Multi-State project 1013013 and Hatch project TEX0-9934 Accession Number 7002235. Research in Kolomiets laboratory is supported by 2021-67013-33568 grants awarded to M.V.K.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Munyaneza, J.E.; Crosslin, J.M.; Upton, J.E. Association of Bactericera cockerelli (Homoptera: Psyllidae) with “zebra chip,” a new potato disease in southwestern United States and Mexico. J. Econ. Entomol. 2007, 100, 656–663. [Google Scholar] [CrossRef] [PubMed]

	



Greenway, G.A.; Rondon, S. Economic impacts of zebra chip in Idaho, Oregon, and Washington. Am. J. Potato Res. 2018, 95, 362–367. [Google Scholar] [CrossRef]

	



Wang, N.; Pierson, E.A.; Setubal, J.C.; Xu, J.; Levy, J.G.; Zhang, Y.Z.; Li, J.Y.; Rangel, L.T.; Martins, J. The Candidatus Liberibacter-host interface: Insights into pathogenesis mechanisms and disease control. Annu. Rev. Phytopathol. 2017, 55, 451–482. [Google Scholar] [CrossRef] [PubMed]

	



Gottwald, T.R. Current epidemiological understanding of citrus Huanglongbing. Annu. Rev. Phytopathol. 2010, 48, 119–139. [Google Scholar] [CrossRef]

	



Bové, J.M. Huanglongbing: A destructive, newly-emerging, century-old disease of citrus. J. Plant Pathol. 2006, 88, 7–37. [Google Scholar]

	



Thapa, S.P.; De Francesco, A.; Trinh, J.; Gurung, F.B.; Pang, Z.; Vidalakis, G.; Wang, N.; Ancona, V.; Ma, W.; Coaker, G. Genome-wide analyses of Liberibacter species provides insights into evolution, phylogenetic relationships, and virulence factors. Mol. Plant Pathol. 2020, 21, 716–731. [Google Scholar] [CrossRef]

	



Wen, A.; Johnson, C.; Gudmestad, N.C. Development of a PCR assay for the rapid detection and differentiation of ‘Candidatus Liberibacter solanacearum’ haplotypes and their spatiotemporal distribution in the United States. Am. J. Potato Res. 2013, 90, 229–236. [Google Scholar] [CrossRef]

	



Wen, A.; Mallik, I.; Alvarado, V.Y.; Pasche, J.S.; Wang, X.; Li, W.; Levy, L.; Lin, H.; Scholthof, H.B.; Mirkov, T.E.; et al. Detection, distribution, and genetic variability of ‘Candidatus Liberibacter’ species associated with zebra complex disease of potato in North America. Plant Dis. 2009, 93, 1102–1115. [Google Scholar] [CrossRef]

	



Lin, H.; Islam, M.S.; Bai, Y.; Wen, A.; Lan, S.; Gudmestad, N.C.; Civerolo, E.L. Genetic diversity of ‘Candidatus Liberibacter solanacearum’ strains in the United States and Mexico revealed by simple sequence repeat markers. Eur. J. Plant Pathol. 2012, 132, 297–308. [Google Scholar] [CrossRef]

	



Lin, H.; Gudmestad, N.C. Aspects of pathogen genomics, diversity, epidemiology, vector dynamics, and disease management for a newly emerged disease of potato: Zebra chip. Phytopathology 2013, 103, 524–537. [Google Scholar] [CrossRef]

	



Swisher Grimm, K.D.; Garczynski, S.F. Identification of a new haplotype of ‘Candidatus Liberibacter solanacearum’ in Solanum tuberosum. Plant Dis. 2019, 103, 468–474. [Google Scholar] [CrossRef] [PubMed]

	



Grimm, K.D.S.; Horton, D.R.; Lewis, T.M.; Garczynski, S.F.; Jensen, A.S.; Charlton, B.A. Identification of three new ‘Candidatus Liberibacter solanacearum’ haplotypes in four psyllid species (Hemiptera: Psylloidea). Sci. Rep. 2022, 12, 20618. [Google Scholar] [CrossRef] [PubMed]

	



Alfaro-Fernández, A.; Siverio, F.; Cebrián, M.C.; Villaescusa, F.J.; Font, M.I. ‘Candidatus Liberibacter solanacearum’ associated with Bactericera trigonica-affected carrots in the Canary Islands. Plant Dis. 2012, 96, 581. [Google Scholar] [CrossRef] [PubMed]

	



Mawassi, M.; Dror, O.; Bar-Joseph, M.; Piasetzky, A.; Sjölund, J.; Levitzky, N.; Shoshana, N.; Meslenin, L.; Haviv, S.; Porat, C. ‘Candidatus Liberibacter solanacearum’ is tightly associated with carrot yellows symptoms in Israel and transmitted by the prevalent psyllid vector Bactericera trigonica. Phytopathology 2018, 108, 1056–1066. [Google Scholar] [CrossRef]

	



Munyaneza, J.E.; Fisher, T.W.; Sengoda, V.G.; Garczynski, S.F.; Nissinen, A.; Lemmetty, A. Association of ‘Candidatus Liberibacter solanacearum’ with the psyllid, Trioza apicalis (Hemiptera: Triozidae) in Europe. J. Econ. Entomol. 2010, 103, 1060–1070. [Google Scholar] [CrossRef] [PubMed]

	



Munyaneza, J.E.; Fisher, T.W.; Sengoda, V.G.; Garczynski, S.F.; Nissinen, A.; Lemmetty, A. First report of “Candidatus Liberibacter solanacearum” associated with psyllid-affected carrots in Europe. Plant Dis. 2010, 94, 639. [Google Scholar] [CrossRef]

	



Swisher Grimm, K.D.; Mustafa, T.; Cooper, W.R.; Munyaneza, J.E. Growth and yield performance of Solanum tuberosum grown from seed potatoes infected with ‘Candidatus Liberibacter solanacearum’ haplotypes A and B. Plant Dis. 2020, 104, 688–693. [Google Scholar] [CrossRef]

	



Harrison, K.; Tamborindeguy, C.; Rondon, S.I.; Levy, J.G. Effects of ‘Candidatus Liberibacter solanacearum’ haplotype on Atlantic potato tuber emergence rate in South Texas. Am. J. Potato Res. 2020, 97, 489–496. [Google Scholar] [CrossRef]

	



Harrison, K.; Tamborindeguy, C.; Scheuring, D.C.; Herrera, A.M.; Silva, A.; Badillo-Vargas, I.E.; Miller, J.C.; Levy, J.G. Differences in zebra chip severity between ‘Candidatus Liberibacter solanacearum’ haplotypes in Texas. Am. J. Potato Res. 2019, 96, 86–93. [Google Scholar] [CrossRef]

	



Mendoza Herrera, A.; Levy, J.; Harrison, K.; Yao, J.; Ibanez, F.; Tamborindeguy, C. Infection by ‘Candidatus Liberibacter solanacearum’ haplotypes A and B in Solanum lycopersicum ‘Moneymaker’. Plant Dis. 2018, 102, 2009–2015. [Google Scholar] [CrossRef]

	



Harrison, K.; Levy, J.G.; Tamborindeguy, C. Effects of ‘Candidatus Liberibacter solanacearum’ haplotypes A and B on tomato gene expression and geotropism. BMC Plant Biol. 2022, 22, 156. [Google Scholar] [CrossRef] [PubMed]

	



Munyaneza, J.E.; Sengoda, V.G.; Aguilar, E.; Bextine, B.; McCue, K.F. First Report of “Candidatus Liberibacter solanacearum” Associated with Psyllid-Infested Tobacco in Nicaragua. Plant Dis. 2013, 97, 1244. [Google Scholar] [CrossRef] [PubMed]

	



Aguilar, E.; Sengoda, V.G.; Bextine, B.; McCue, K.F.; Munyaneza, J.E. First report of “Candidatus Liberibacter solanacearum” on tobacco in Honduras. Plant Dis. 2013, 97, 1376. [Google Scholar] [CrossRef] [PubMed]

	



Yao, J.; Saenkham, P.; Levy, J.; Ibanez, F.; Noroy, C.; Mendoza, A.; Huot, O.; Meyer, D.F.; Tamborindeguy, C. Interactions ‘Candidatus Liberibacter solanacearum’—Bactericera cockerelli: Haplotype effect on vector fitness and gene expression analyses. Front. Cell Infect. Microbiol. 2016, 6, 62. [Google Scholar] [CrossRef]

	



Swisher, K.D.; Munyaneza, J.E.; Crosslin, J.M. High resolution melting analysis of the cytochrome oxidase I gene identifies three haplotypes of the potato psyllid in the United States. Environ. Entomol. 2012, 41, 1019–1028. [Google Scholar] [CrossRef]

	



Swisher, K.D.; Henne, D.C.; Crosslin, J.M. Identification of a fourth haplotype of Bactericera cockerelli (Hemiptera: Triozidae) in the United States. J. Insect Sci. 2014, 14, 161. [Google Scholar] [CrossRef]

	



Levy, J.; Ravindran, A.; Gross, D.; Tamborindeguy, C.; Pierson, E. Translocation of ‘Candidatus Liberibacter solanacearum’, the zebra chip pathogen, in potato and tomato. Phytopathology 2011, 101, 1285–1291. [Google Scholar] [CrossRef]

	



Li, W.; Abad, J.A.; French-Monar, R.D.; Rascoe, J.; Wen, A.; Gudmestad, N.C.; Secor, G.A.; Lee, M.; Duan, Y.; Levy, L. Multiplex real-time PCR for detection, identification and quantification of ‘Candidatus Liberibacter solanacearum’ in potato plants with zebra chip. J. Microbiol. Methods 2009, 78, 59–65. [Google Scholar] [CrossRef]

	



Huot, O.B.; Levy, J.G.; Tamborindeguy, C. Global gene regulation in tomato plant (Solanum lycopersicum) responding to vector (Bactericera cockerelli) feeding and pathogen (‘Candidatus Liberibacter solanacearum’) infection. Plant Mol. Biol. 2018, 97, 57–72. [Google Scholar] [CrossRef]

	



Wang, K.-D.; Borrego, E.J.; Kenerley, C.M.; Kolomiets, M.V. Oxylipins other than jasmonic acid are xylem-resident signals regulating systemic resistance induced by Trichoderma virens in maize. Plant Cell 2019, 32, 166–185. [Google Scholar] [CrossRef]

	



RStudio. RStudio: Integrated Development for R; RStudio Inc.: Boston, MA, USA, 2015; Available online: http://www.rstudio.com (accessed on 6 July 2021).

	



Mangiafico, S.S. Summary and Analysis of Extension Program Evaluation in R; Rutgers Cooperative Extension: New Brunswick, NJ, USA, 2016. [Google Scholar]

	



Prost, I.; Dhondt, S.; Rothe, G.; Vicente, J.; Rodriguez, M.J.; Kift, N.; Carbonne, F.; Griffiths, G.; Esquerré-Tugayé, M.-T.; Rosahl, S. Evaluation of the antimicrobial activities of plant oxylipins supports their involvement in defense against pathogens. Plant Physiol. 2005, 139, 1902–1913. [Google Scholar] [CrossRef] [PubMed]

	



Pitino, M.; Armstrong, C.M.; Cano, L.M.; Duan, Y. Transient expression of Candidatus Liberibacter asiaticus effector induces cell death in Nicotiana benthamiana. Front. Plant Sci. 2016, 7, 982. [Google Scholar] [CrossRef] [PubMed]

	



Levy, J.G.; Gross, R.; Mendoza-Herrera, A.; Tang, X.; Babilonia, K.; Shan, L.; Kuhl, J.C.; Dibble, M.S.; Xiao, F.; Tamborindeguy, C. Lso-HPE1, an effector of ‘Candidatus Liberibacter solanacearum’, can repress plant immune response. Phytopathology 2020, 110, 648–655. [Google Scholar] [CrossRef] [PubMed]

	



Clark, K.J.; Pang, Z.; Trinh, J.; Wang, N.; Ma, W. Sec-Delivered Effector 1 (SDE1) of ‘Candidatus Liberibacter asiaticus’ promotes citrus huanglongbing. Molecular Plant-Microbe Interactions® 2020, 33, 1394–1404. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhou, L.; Yu, X.; Stover, E.; Luo, F.; Duan, Y. Transcriptome profiling of huanglongbing (HLB) tolerant and susceptible citrus plants reveals the role of basal resistance in HLB tolerance. Front. Plant Sci. 2016, 7, 933. [Google Scholar] [CrossRef]

	



Zhong, Y.; Cheng, C.-Z.; Jiang, N.-H.; Jiang, B.; Zhang, Y.-Y.; Wu, B.; Hu, M.-L.; Zeng, J.-W.; Yan, H.-X.; Yi, G.-J.; et al. Comparative transcriptome and iTRAQ proteome analyses of citrus root responses to Candidatus Liberibacter asiaticus infection. PLoS ONE 2015, 10, e0126973. [Google Scholar] [CrossRef]

	



Nwugo, C.C.; Duan, Y.; Lin, H. Study on citrus response to huanglongbing highlights a down-regulation of defense-related proteins in lemon plants upon ‘Ca. Liberibacter asiaticus’ infection. PLoS ONE 2013, 8, e67442. [Google Scholar] [CrossRef]

	



Rawat, N.; Kiran, S.P.; Du, D.; Gmitter, F.G., Jr.; Deng, Z. Comprehensive meta-analysis, co-expression, and miRNA nested network analysis identifies gene candidates in citrus against Huanglongbing disease. BMC Plant Biol. 2015, 15, 184. [Google Scholar] [CrossRef]

	



Albrecht, U.; Bowman, K.D. Transcriptional response of susceptible and tolerant citrus to infection with Candidatus Liberibacter asiaticus. Plant Sci. 2012, 185, 118–130. [Google Scholar] [CrossRef]

	



Aritua, V.; Achor, D.; Gmitter, F.G.; Albrigo, G.; Wang, N. Transcriptional and microscopic analyses of citrus stem and root responses to Candidatus Liberibacter asiaticus infection. PLoS ONE 2013, 8, e73742. [Google Scholar] [CrossRef]

	



Levy, J.G.; Mendoza, A.; Miller, J.C.; Tamborindeguy, C.; Pierson, E.A. Global gene expression in two potato cultivars in response to ‘Candidatus Liberibacter solanacearum’ infection. BMC Genom. 2017, 18, 960. [Google Scholar] [CrossRef] [PubMed]

	



Macho, A.P.; Zipfel, C. Targeting of plant pattern recognition receptor-triggered immunity by bacterial type-III secretion system effectors. Curr. Opin. Microbiol. 2015, 23, 14–22. [Google Scholar] [CrossRef] [PubMed]

	



Prasad, S.; Xu, J.; Zhang, Y.; Wang, N. SEC-translocon dependent extracytoplasmic proteins of Candidatus Liberibacter asiaticus. Front. Microbiol. 2016, 7, 1989. [Google Scholar] [CrossRef] [PubMed]

	



Kan, C.-C.; Mendoza-Herrera, A.; Levy, J.; Hull, J.J.; Fabrick, J.A.; Tamborindeguy, C. HPE1, an effector from zebra chip pathogen interacts with tomato proteins and perturbs ubiquitinated protein accumulation. Int. J. Mol. Sci. 2021, 22, 9003. [Google Scholar] [CrossRef]

	



Ravindran, A.; Saenkham, P.; Levy, J.G.; Tamborindeguy, C.; Lin, H.; Gross, D.; Pierson, E.A. Characterization of the serralysin-like gene of ‘Ca. Liberibacter solanacearum’ associated with potato zebra chip disease. Phytopathology 2017, 108, 327–335. [Google Scholar] [CrossRef]

	



Reyes Caldas, P.A.; Zhu, J.; Breakspear, A.; Thapa, S.P.; Toruño, T.Y.; Perilla-Henao, L.M.; Casteel, C.; Faulkner, C.R.; Coaker, G. Effectors from a bacterial vector-borne pathogen exhibit diverse subcellular localization, expression profiles and manipulation of plant defense. Mol. Plant Microbe Interact. 2022, in press. [CrossRef]

	



Ibanez, F.; Suh, J.H.; Wang, Y.; Stelinski, L.L. Long-term, sustained feeding by Asian citrus psyllid disrupts salicylic acid homeostasis in sweet orange. BMC Plant Biol. 2019, 19, 493. [Google Scholar] [CrossRef]

	



Park, S.W.; Kaimoyo, E.; Kumar, D.; Mosher, S.; Klessig, D.F. Methyl salicylate is a critical mobile signal for plant systemic acquired resistance. Science 2007, 318, 113–116. [Google Scholar] [CrossRef]

	



Vlot, A.C.; Dempsey, D.A.; Klessig, D.F. Salicylic Acid, a multifaceted hormone to combat disease. Annu. Rev. Phytopathol. 2009, 47, 177–206. [Google Scholar] [CrossRef]

	



An, C.; Mou, Z. Salicylic acid and its function in plant immunity. J. Integr. Plant Biol. 2011, 53, 412–428. [Google Scholar] [CrossRef]

	



Gorman, Z.; Christensen, S.A.; Yan, Y.; He, Y.; Borrego, E.; Kolomiets, M.V. Green leaf volatiles and jasmonic acid enhance susceptibility to anthracnose diseases caused by Colletotrichum graminicola in maize. Mol. Plant Pathol. 2020, 21, 702–715. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Pang, Z.; Trivedi, P.; Zhou, X.; Ying, X.; Jia, H.; Wang, N. ‘Candidatus Liberibacter asiaticus’ encodes a functional salicylic acid (SA) hydroxylase that degrades SA to suppress plant defenses. Mol. Plant Microbe Interact. 2017, 30, 620–630. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Liu, J.; Liu, H.; Qiu, R.; Gao, Y.; Duan, A. Role of hydraulic signal and ABA in decrease of leaf stomatal and mesophyll conductance in soil drought-stressed tomato. Front. Plant Sci. 2021, 12. [Google Scholar] [CrossRef]








[image: Agronomy 13 00569 g001 550] 





Figure 1. Tobacco plant symptoms. Panels (A,B): From left to right, each picture shows a non-infected, a LsoA-, and a LsoB-infected tobacco plant at week 7 post-infestation. Panel (C): LsoA-infected tobacco plants at week 12 post-infestation presented severe growth delay and yellowing symptoms but were alive. Panel (D): All LsoB-infected tobacco plants were dead. 
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Figure 2. Lso quantification. 
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Figure 3. PR1a relative expression at (A) 3 weeks and (B) 5 weeks after infection. 
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Figure 4. SA and other metabolites quantification. 
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